ABSTRACT: Numerous studies have focused on determining whether objective statistical methods can be used to discriminate between known matches and nonmatches when comparing laboratory prepared toolmarks. This study involved an analysis of striated toolmarks made as a function of varying vertical and horizontal angles of attack. Comparisons based on experimental data show that replicate toolmarks from the same tool show high correlation values at identical vertical and horizontal angles, with the correlation decreasing as the angular difference increases, especially for horizontal angular changes. Comparisons between nonmatching samples produce low correlation values that remain unchanged as horizontal angular differences increase. While complete statistical separation was not achieved between matching and nonmatching samples, there is evidence demonstrating that toolmarks can be identified if the variation in horizontal angle is within 10°. The experiment shows that computer-aided comparison techniques could be viable for identification with the proper statistical algorithm.
known matches and nonmatches when comparing laboratory prepared toolmarks. This study involved an analysis of striated toolmarks made as a function of varying vertical and horizontal angles of attack. Comparisons based on experimental data show that replicate toolmarks from the same tool show high correlation values at identical vertical and horizontal angles, with the correlation decreasing as the angular difference increases, especially for horizontal angular changes. Comparisons between nonmatching samples produce low correlation values that remain unchanged as horizontal angular differences increase. While complete statistical separation was not achieved between matching and nonmatching samples, there is evidence demonstrating that toolmarks can be identified if the variation in horizontal angle is within 10°. The experiment shows that computer-aided comparison techniques could be viable for identification with the proper statistical algorithm.
KEYWORDS: forensic science, toolmark comparison, comparison microscope, focus variation microscopy, statistical algorithm, striae, correlation function
The forensic identification of toolmarks has been studied at length at Ames Laboratory/Iowa State University (AL/ISU). The goal has been to provide forensic examiners with data, based on objective analysis that provides scientific evidence for the assumptions upon which their craft is based. The main problem this research has been attempting to address is the ever-increasing need for "proof of guilt" in court depositions. Starting back in 1993 with the case of Daubert V. Merrell Dow Pharmaceuticals, Inc. (1) and continuing to today with the 2009 National Academy of Science (NAS) report (2) , the testimony of expert examiners has been called into question. It requires years of training and peerreviewed casework examination prior to an examiner being allowed to testify in court. This paper presents additional data in a continuing effort to ascertain whether objective systems, without human bias, can be employed that mathematically support, or refute, the assumption upon which comparative examinations are based, namely that every tool has a unique surface that creates a unique mark that can be used to identify it.
The AFTE (Association of Firearm and Tool Mark Examiners) glossary defines striated toolmarks as being created by force and movement of a tool in a direction approximately parallel to the surface being acted upon (3) . Previous work by Pretraco et al. (4) and Ekstrand et al. (5) has shown that it is possible to mathematically identify the unique striations left by tools using the crosscorrelation function (CCF) and comparing to a critical CCF value. Further investigation to the validity of using the CCF or other algorithms has been carried out at AL/ISU (6), where researchers have been able to identify matches and nonmatches using a comparison algorithm generated by Dr. Max Morris. This algorithm utilizes a Wilcoxon rank-sum test statistic to compare different samples. It generates a critical value that can be compared to critical values of known matches to confirm a match. Later work employing the generation of virtual toolmarks based upon characterization of actual tool surfaces has shown that this algorithm can correctly identify matches of striations from screwdriver tips made at varying vertical degrees (7) as long as the angle difference between the actual mark and the generated mark is within approximately 10°, and in most cases, the routine was able to identify the unknown angle to within 5-6°of the true angle.
As an extension of the previous work, this paper again employs the algorithm to identify matches from screwdriver tips, except now both horizontal and vertical angles have been varied. The profile of any tool working surface can be thought of as containing topography consisting of peaks and valleys, similar to the profile of a small-scale mountain range. When the tool is used to make a mark, the inverse topography of the part of the tool in contact with the surface is left behind as a toolmark. If the entire tip of the tool were impressed on the substrate, an impression mark is left behind, consisting of height data (z) over an area of extent x by y. If only a portion of the tool is in contact with the surface and the tool is dragged across the surface, striations are produced indicative of where the highest "mountains" in the mountain range contacted the surface. The result is a striated mark consisting of vertical (z) data over an area x by y; however, the surface data change little in the y direction and can be considered a constant if (i) the angle the tool makes with the surface (vertical angle) and (ii) the twist of the tool (horizontal angle) do not change during the dragging process.
To understand differences angular orientation (i.e., vertical and horizontal angles) makes, a simple visual analogy will be 1 Ames Laboratory, Iowa State University, 2220 Hoover, Ames, IA 50011. used. Consider the form of a word, like the one shown below in Fig. 1 . Imagine this word is the mark that a tool left behind when held nearly perpendicular to the plane of the paper. Changing the vertical angle (read as the angle the tool made with respect to the vertical direction, perpendicular to the plane of the paper) alters the image, and it will appear to be compressed when viewed from above, as seen in Fig. 1 . This leads to a decrease in the amplitude difference between peaks and valleys in a mark and can affect how a computer algorithm determines a match. Similarly, if the horizontal angle, which is the angle the axis of the tool makes with respect to the direction of travel (also referred to as twist in this paper), changes, there will also be a shift in the image; this time it will appear to be compressed or foreshortened with respect to the original. If both a vertical and horizontal changes are introduced, this produces both a shortened and flattened profile, making it look very different from the initial mark, or word as in the case of the analogy of Fig. 1 .
Methods
For this experiment, 10 sequentially made screwdriver tips were obtained from Omega Tools. The tips were of the flat-head type and were collected and certified by the company to have been sequentially made and ground. Details concerning the tips used, their manufacture and acquisition can be found elsewhere (8) . Both sides of each screwdriver tip were used to make test marks at vertical angles of 40, 55, and 70°, as well as at horizontal rotation angles of 0, 10, 20, and 30°. The test marks were created using the setup shown in Fig. 2 . The vertical angle can be thought of as the angle of attack of the screwdriver on the surface, while horizontal angle is the twist of the screwdriver. Each angle pairing had five replicates made for each of the samples to allow for numerous comparisons.
The test marks were made in lead, as this medium creates a durable mark while the softness of the material has a minimal effect on the hardened steel of the tool, ensuring proper replication. The striae created were measured using a focus variation microscope (9) with a vertical resolution of 0.990 lm and horizontal resolution of 3.914 lm at a magnification of 10x. Each scan took approximately five minutes to run and produced a 3D image similar to the one shown in Fig. 3 . The dimensions of the image are approximately 7 mm by 2 mm.
Once scanned, the images were cleaned, masked, and analyzed using the program MANTIS, currently under development at AL/ISU (10). This program uses the statistical algorithm developed at AL/ISU and described previously (6) . Briefly, the algorithm finds the region of highest correlation that exists FIG. 1--Illustration of the effect of changing angle. On top is the reference "mark," in the middle is the "mark" at a vertical angle shift of 30°, on the bottom is the "mark" at a horizontal shift (or twist) of 30°. between two data sets based upon two parameters, called the search window and the validation window. When the algorithm begins to compare two samples, it searches for regions with the highest correlation, the size of the region being defined by the search window. The algorithm then verifies the validity of this comparison by making identical rigid shifts and random jumps to different regions on both samples and comparing the correlation of the rigid shift comparisons to those that result from the random jumps. The size involved in each comparison is as defined by the validation window. This is repeated many times, both for the rigid shift comparisons and the random jumps, and the results obtained between those regions are compared. For both matching and nonmatching samples, the profiles compared during the random jumps should result in low correlation results, thereby providing a baseline value for a nonmatch, while the rigid shifts should have high correlation for true matches and little to no correlation for nonmatches. Once all of these calculations have been made, a final numerical value (termed T1) is returned. Regions of high correspondence will return a large T1 value. Low T1 values indicate little or no correspondence between the compared regions.
Numerous comparisons of the data files were conducted, and a summary is listed in Table 1 . Note that the files compared were cleaned in the sense that data obtained from regions outside the actual toolmark were removed and not used for the comparisons. Also note that comparisons of replicate marks made using the same screwdriver tip constitute known matches, while comparisons of different tips are known nonmatches.
Results
Comparisons of known matches involving replicates of the same sample made at identical vertical and horizontal angles are shown in Fig. 4 . The data presented are a composite of the three different vertical angles and the four different horizontal angles used, and each comparison involved two samples where each was made at the same vertical and horizontal angles. Thus, the data in the first column are a composite of compared marks made at vertical angles of 40˚, 0˚horizontal to each other, marks made at 55˚vertical, 0˚horizontal to each other, and marks made at 75˚vertical, 0˚horizontal to each other. Similarly, the second column compares marks made at 45˚vertical, 10˚horizontal to each other, marks at 55˚vertical, 10˚horizontal to each other, 75˚vertical, 10˚horizontal to each other, etc., and so on for all four columns. In all cases, the average T1 statistic shows a high value of between 6 and 8 indicating that statistically a high correlation exists between marks made at the same angles, but it is also clear that spread of the data increases as horizontal twist of the tool increases. Once a 20˚horizontal angle is reached, the data spread appear relatively constant.
Results for known matching comparisons where the horizontal angle is held constant and the vertical angle was allowed to change are shown in Fig. 5 . These results are essentially a verification of the results found in Ref. (6) where the angle of attack of the screwdriver (i.e., the vertical angle of this study) was allowed to vary. This earlier more extensive study showed that at vertical angle, differences greater than approx. 10°even known matching samples can appear to have nonmatching results. In Fig. 5 , the variations between angles are 15˚, so based on the results of Ref. (6) , one would expect to see a decrease in T1 values, and this is confirmed.
Results for known matching comparisons where the vertical angle is held constant and the horizontal angle was allowed to change are shown in Fig. 6 . Several interesting observations are noted in this data. First, as the horizontal twist angle varies from 0˚to 10˚, a significant correlation still exists between matching pairs. This would seem to be analogous to the situation noted in previous studies (6) and discussed in relation to Fig. 5 , where comparisons of known matches were made at various vertical angles. As long as the angle is within 5-10˚, significant correlations still exist between marks; at angles greater than 10˚, the correlation as measured using a T1 statistic drops to no better than values seen for known nonmatches. However, this apparent analogous behavior does not hold up as the magnitude of the horizontal angle increases. While known matches that have a 10d ifference in horizontal angle at the three vertical angles studied still retain a relatively high T1 value (approaching 7.5 as shown in Fig. 5 ), the value drops in samples with higher absolute horizontal angles, even while the relative difference between the samples remains at 10˚. For example, in Fig. 6 , the T1 value for samples with a 10˚twist difference between the absolute horizontal angle values of 10 and 20˚drops to less than 5. This gets even worse when comparing the 20-30˚data, with T1 dropping to 2.5. Thus, the results show that as the difference in horizontal angle between two samples increases, the T1 value decreases from the perfect match case but can still retain a high correlation value if the amount of twist is small and the difference in horizontal angle does not exceed 10°. At large horizontal angle values, regardless of whether the relative amount of twist is less than 10˚or not, even known matching samples will show little or no correlation.
When varying both the vertical and horizontal angles, one might reasonably expect the T1 value to be low, indicating little or no statistical relevance between the compared marks. This is in fact the case, as shown in Fig. 7 where the results from a series of comparisons having differences in vertical and horizontal angles are displayed. In all instances, the T1 value for these known matching comparisons is low, the highest average values noted being 3 at most.
The algorithm used when conducting these comparisons will display T1 values centered about zero for known nonmatches, where no correlation is known to exist at all. This should remain constant independent of whether the samples are compared at similar, fixed vertical, and horizontal angles, or whether either the vertical is fixed and the horizontal allowed to vary, or vice versa. This is exactly what is shown in Fig. 8 ; no matter what the angular comparisons are, known nonmatches always show a T1 centered near zero.
Discussion
The results as displayed in Figs 4, 5, and 7 all confirm those seen in earlier studies, namely the algorithm of Ref. (4) gives significantly higher T1 values for known matches compared at the same angles over known matches compared at different vertical angles greater than 10˚and known nonmatch comparisons made at any angle. However, it appears that the twist of the tool (horizontal angle) plays a much greater role in disguising the characteristic nature of the fully striated marks studied than does angle of attack (vertical angle). While a small change in horizontal angle (≤10˚) can be introduced and the nature of the known match still be recognizable, as the absolute value of twist increased the ability of the algorithm to recognize statistical similarities decreased, even if the relative difference between marks was still only 10˚. There are two possible reasons for this, the first being related to the manner by which the algorithm determines statistical validity.
A change in horizontal angle is expected to have a much greater affect on how the algorithm generates the T1 value than is a similar change in vertical angle. As illustrated in Fig. 1 , the fact that overall distance between features is shortened when changes in horizontal angle are introduced will adversely affect the ability of the algorithm to effectively compare two sets of striae. When the algorithm is comparing two profiles, it selects a region from each profile that has the highest R factor then performs two validation steps. In the first step, it takes equal distant jumps in both profiles from the initial regions of interests and compares those two regions. If the two profiles are a match, it will return a high correlation value for these equal distant jumps, if not it should return a low value. Next, it will take unequal jumps from the region of interest in both profiles and compare these. In both matching and nonmatching profiles, these unequal jumps should return low correlation values. Finally, the algorithm compares the equal and unequal jumps to determine a T1 value. It will report a large T1 if there is significant difference between the equal jumps and unequal jumps and a small T1 if they are similar.
When a change in horizontal angle is introduced, applying a fixed window size to both profiles means that, effectively, different areas are being compared because of the foreshortening that occurs as a function of the twist of the tool. On the less twisted piece (e.g., 0°horizontal angle), the predominate features will be a distance X apart, while on the more twisted piece (i.e., 10°h orizontal angle), the same striations will occur over a distance X-d, where d = the foreshortened amount, as the overall length is shorter. Thus, when the algorithm tries to compare the two profiles using a similarly sized validation window, it is not comparing an equivalent grouping of striae. Instead, due to the compressed nature of the twisted profile, the window will include more than the original number of striae. The result is that the comparison is between areas that contain different numbers of striae and are, therefore, not expected to match. As foreshortening increases as twist angle increases, the greater the shift in horizontal angle from 0˚, the greater the foreshortening, and, subsequently, the less similar even known matches will be when compared during the validation step.
A second reason why a change in horizontal angle creates problems in identification could be due to the complicated topography that exists at the tooltip that is responsible for producing the mark. As twist angle increases and the mark becomes foreshortened, the ability of individual projections to leave characteristic marks on the surface rapidly disappears, especially if those projections are closely spaced. This may best be explained by simple schematics. The grinding that shapes the screwdriver in the manufacturing process results in topography that will produce parallel scratches when pulled across a surface. Figure 9 shows simple drawings meant to illustrate the topography present at the edge of the screwdriver if viewed as a slice taken perpendicular to the grinding marks present at the tip of a screwdriver. Think of the topography projections as the peaks of a mountain range. When the angle of attack changes, the topography of the ridges will of course change; that is, the heights of the mountain peaks changes. Some peaks that were high may shrink and vice versa. This is shown illustrated in Fig. 9b . The change brought about in the resultant mark is actually relatively slight, especially for small angles. Broad lines may become thinner, thin lines may become broader or disappear, but the overall number of striations will most likely change only slightly. However, this is not the case when considering the projection view, Fig. 9c , which can be thought of as viewing the edge after a change in horizontal angle has occurred. In this case, even when holding the vertical angle constant to that illustrated in Fig. 9a , the flanks of the large mountains will vignette the smaller hills that lay in between them, changing the resultant mark and obscuring the true nature of the tool surface. In this instance, size, number, and spacing of any resultant striations will quickly change. Thus, it is not surprising that as tool twist (i.e., horizontal angle) increases the statistical similarity between marks decreases.
In all probability, it is a combination of these effects that results in the observed drop in statistical correlation between known matching peaks as a function of horizontal angle. At small twist differences (e.g., between 0˚and 10˚), the large drop seen is expected to be due to the effect of measuring different numbers and spacings of striations due to foreshortening. At high twist angles (e.g., between 20˚and 30˚), while foreshortening still exists, in addition, the effect of shadowing of smaller striae will become more pronounced.
Adapting the current algorithm to successfully compensate for the above possible explanations is possible to a certain extent. To compensate for foreshortening, a scaling routine would need to be incorporated. This might still allow a direct pixel-to-pixel comparison of the data files as is currently carried out; however, it would have no effect on the vignette possibility. At this time, there appears no straightforward method to account for possible vignette of smaller striations without a complete characterization of the tool surface. In both cases, it might be possible to employ computer-generated virtual tools and toolmarks (10) to both predict striations and compensate for foreshortening, but this has yet to be attempted.
Finally, one last observation, which is quite surprising, is that even when known samples are compared at vastly different vertical and horizontal angles, they still retain some small degree of similarity in the comparisons that is absent when comparing known nonmatches. This is illustrated by a comparison of Figs 7 and 8. While statistically it is impossible to take any one single comparison from Fig. 7 and declare that it has a higher T1 value than known nonmatches, the population as a whole still shows a higher average value than known nonmatches.
Summary and Conclusions
The findings of this study indicate that as a change in horizontal angle is introduced into toolmarks, the algorithm developed in Ref. (6) can discern between known matches and nonmatches up to an angular difference of approximately 10°, although complete separation was never achieved. As the angle of tool twist increases, this ability to discriminate is lost, such that toolmarks made of known matches at absolute horizontal angles of 20˚or greater cannot be reliably identified even if the relative difference between the marks is less than 10˚. While a foreshortening of the mark is occurring, preventing the algorithm employed from functioning properly, at higher horizontal twist angles, larger features may vignette smaller ones, creating additional problems. Advanced algorithms that allow for marks to be scaled to compensate for twist are needed to predict changes that can occur over the course of making a mark if the conditions are not held relatively constant. This is a difficult problem that might possibly be solved using computer-generated virtual tools and toolmarks.
Despite the poor performance of the algorithm when twist is introduced, it is interesting that known matches as a population under any conditions when compared result in slightly higher values for the T1 statistic than known nonmatches. This observation would tend to support the basic assumption inherent in toolmark comparison studies, namely that each tool does possess specific characteristics that separate it from other similar tools.
